Abstract : A new practical approach to the preparation of highly and multiply deuterated isoprenoids, archaeal membrane lipid, diterpene antibiotic terpentecin, and carotenoids as examples, and its potentialfor analyzing the biosynthetic mechanism of isoprenoids are described by using fully deuterated mevalonolactone (MVL-d9). Racemic MVL-d9 was successfully synthesized starting from deuterated dimethoxyphenylacetone and trimethyl phosphonoacetate in gram scale. Enantiomerically pure (R)-MVL-d9 was also synthesized using Sharpless asymmetric epoxidation. The methodology for biosynthetic studies using MVL-d9 is meritorious for mechanistic enzymology, particularly, the key transformation involving proton attack and/or proton quench as observed in isoprenoids biosynthesis.
Introduction
Isoprenoids are among the most diverse family of natural products in terms of chemical structure and biological properties.' Substantial efforts have been devoted to elucidating the origin and ways of generating the diversity found in nature. Key elements appear to be various similarities and differences in chemical reactions and biosynthetic machinery. A major divergence is that, depending upon the organisms and cellular organella, the biosynthesis of isoprenoids proceeds through either the mevalonate2 or the 2-C-methyl-Derythritol 4-phosphate (MEP)3 pathway, leading to the formation of the first isoprene intermediate, isopentenyl diphosphate (IPP). However, the key C5 intermediate, isopentenyl diphosphate (IPP), is common in both cases. IPP is isomerized to the dimethylallyl diphosphate (DMAPP) starter and is also used as the elongating C5 donor in terpene biosynthesis. Thus the condensation of IPP with a variety of allylic diphosphates yields new polyprenyl diphosphates. In many cases, the polyprenyl diphosphates commit a range of cyclization reactions to form diverse arrays of carbon skeletons. ' The resulting hydrocarbon skeletons are subjected to subsequent modifications including oxidation, dehydration, hydrogenation, acylation, etc to give a large number of different isoprenoid metabolites (Figure 1 ).
Since the isotope-tracer methodology is vital for diverse aspects of research in this field, various isotopomers of mevalonate and mevalonolactone have been prepared to date.4 Tritium and/or deuterium as tracers are usually used in this type of stereochemical analysis to follow the incoming hydrogens. However, it is sometimes difficult to synthesize a specifically labeled compound and analyze the labeled position of the compound at interest. It is also conceivable that protium can be utilized to track hydrogen provided the background protium can be significantly reduced. A prerequisite for such studies is the availability of a highly deuterated target metabolite. It was anticipated that, if fully deuterated mevalonate is efficiently incorporated into targeted isoprenoid compounds, the molecules would be highly deuterated. Using the deuterated molecules, the fate of incoming hydrogens could later be analyzed by 1H NMR spectroscopy with high sensitivity and resolution. Thus, a new approach was necessary for our study, and an easy and convenient method for the synthesis of mevalonolactone-d9 (MVL-d9) was essential.
2. Synthesis
Synthesis of Racemic MVL-d95
Since mavalonate kinases are generally highly enantioselective,6 the deuterated probe could be a racemate for these biochemical studies. Therefore, a convenient and easy synthesis was exploited for the preparation of such heavily deuterated molecules on a few grams scale.
First, two precursors, 3,4-dimethoxyphenylacetone-d5 lb and the phosphonate-d2 2b7, were prepared by simple treatment of the non-deuterated precursors with 2H20 in the presence of K2CO3 as shown in Scheme 1. The WittigHorner reaction between the two deuterated precursor lb and 2b proceeded smoothly to give ester 3 as a mixture of geometrical isomers (E/Z=3) in 80% yield. The resulting ester 3 was subsequently reduced with LiAl2H4. Under these reduction conditions, the saturated alcoholic product derived from the 1,4-addition of deuteride and reduction of the ester function was formed along with the desired allylic alcohol; however, the product mixture was immediately subjected without purification to the achiral Sharpless epoxidation8 with t-butyl hydroperoxide and VO(acetylacetonate)2. The resulting epoxide 4 was purified to homogeneity at this stage and the yield was 76% in two steps. Further reduction of 4 with LiAl2H4 easily afforded the desired diol 5. Two hydroxyl groups were then protected as acetate 6 by standard conditions. Ruthenium oxidation9 of 6 proceeded smoothly, and the carboxylic acid 7 was obtained in good yield. Deprotection and final extraction under acidic conditions afforded the desired racemic MVL-d9 8a in 33% overall yield in 7 steps. The deuterium contents were estimated by 1H NMR to be 96, 96, 99, and 96% at C-2, C-4, C-5, and the methyl group, respectively. The structure of MVL-d9 was confirmed by spectroscopic data and by repetition of the synthesis using a non-deuterated substrate as well. By this reaction scheme, we were able to synthesize 10 grams or more of racemic MVL-d9 within 2 weeks. Throughout this method, the donors of deuterium were the rather less expensive 2H20 and LiAl2H4.
Synthesis of Optically Active MVL-d910
As mentioned above, we successfully developed an easy and convenient method for the gram-scale synthesis of MVL-d9 in a racemic form. However, development of synthetic methodology for a chiral version of MVL-d9 is apparently desirable for these types of feeding experiments from the viewpoint of molecular economy. Although we previously reported the enantioselective synthesis of (R)-MVL-d9 using chirality control on a carbohydrate template,11 synthetic efficiency must be further improved for practical usc. The enantioselective synthesis of MVL-d9 was thus developed based on our previous synthesis of racemic MVL-d9 as shown in Scheme 2.
First, Horner-Emmons reaction between the deuterated precursor 2b and triethyl phosphonoacetate-d2 9, instead of the previously employed methyl ester derivative, proceeded smoothly to give ester 10 as a mixture of geometrical isomers (E/Z=6). A crucial improvement was the use of ethyl ester instead of methyl ester; thus, the geometrical ratio was improved from E/Z=3 to 6, and, importantly, the major E-isomer was obtained in crystalline form. Thus, recrystallization from hexanes gave a pure E-isomer 10 in 59% yield.
The resulting E-ester 10 was subsequently reduced with LiAl2H4 to afford allylic alcohol 11 in 74% yield. The desired allylic alcohol 11 was next subjected to the asymmetric Sharpless epoxidation12 with t-butyl hydroperoxide, (L)-(+)-diisopropyl tartrate, and Ti(OiPr)4, in CH2C12 to yield epoxide 12 in 89% yield. The enantiomeric purity of the epoxide 12 was determined to be 92% ee by 19F NMR analysis of its (+)-MTPA ester derivative. Fortunately, the resulting epoxide 12 was obtained again in crystalline form and the enantiomeric excess was further improved to >99% ee by recrystallization. Further manipulation as described above gave the desired (R)-MVL-d9 8b in 21% overall yield in 7 steps. The structure of (R)-MVL-d9 was confirmed by spectroscopic data and the absolute configuration was confirmed by its optical rotation.4
3. Application of MVL-d9 to isoprenoid biosynthesis 3.1 The Stereochemistry of Saturase Reaction of Archaeal Membrane Lipid13 Archaea have been attracting considerable attention from both biochemical and evolutionary perspectives. It has been established that these bacteria are distinct from prokaryotes and eukaryotes, and are now classified in a third independent domain.14 We have been studying the biochemical characteristics of archaea on a molecular and mechanistic level, including the similarities to or differences from other categories of living organisms. The most characteristic feature of archaea is found in the chemical structure of its core membrane lipids, the fundamental structure which segregates and identifies the bodies of these living cells from the environment. The lipid structure is the most crucial criterion for the classification of archaea. The basic core structure of the archaeal membrane is 2,3-di-O-phytanyl-sn-glycerol as shown in Figure 2 .15 The hydrophobic aliphatic group is a saturated isoprenoid chain derived from geranylgeranyl diphosphate (GGPP) via a mevalonate pathway.16 The stereochemistry of the sites of methyl branching in the phytanyl group has been rigorously determined on the core lipids of an extremely halophilic archaea and methanogenic archaea.17 However, the stereochemistry of saturation (or hydrogenation) has not yet been elucidated. The feeding experiment of MVL-d9 was applied in order to tackle this problem.
The culture of halophilic archaea Haloarcular japonica JCM7785 was carried out as already described.18 The synthesized MVL-d9 was aseptically added to the culture to a final concentration of 2.0 g/L. After cultivation for 9 days, the cells were harvested by centrifugation. The lipids were purified according to the standard method19 through solvolysis of the polar head groups. The neutral core lipid was finally isolated by repeat chromatography to afford 18 mg of homogeneous di-O-phytanylglycerol. The core lipid was further converted to the benzoate (Scheme 3).
Since the mevalonate pathway is involved in the biosynthesis of the phytanyl moieties in archaea, there should be rather good incorporation of deuterium; thus, eight hydrogens of the mevalonolactone remain in each isoprene unit. The benzoate derivative of the core lipid was first analyzed by the 1H NMR spectrum (Figure 3) . One can immediately see extremely reduced signals ascribable to the protons of the phytanyl groups. The signals due to the two oxymethylene groups (3.50 ppm and 3.70 ppm) of the phytanyl groups were reduced significantly compared with those (3.59, 3.78, 4.36, and 4.48 ppm) of the glycerol portion. The deuterium was so highly incorporated that the total enrichment was approximated to be some 80% based on the intensities of the intramolecular reference signals of the non-deuterated benzoyl group.
Since the incorporation of MVL-d9 was so efficient, we turned our attention to the incorporation of protium into the phytanyl groups. As GGPP is a biosynthetic precursor to the phytanyl group,16 it would be expected that two hydrogens must be incorporated into each isoprene unit. We anticipated that, by looking more closely at the 1H NMR spectrum of the deuterated lipid or its derivatives, the mode of saturation of the geranylgeranyl group to produce the phytanol group in archaeal lipid biosynthesis could be elucidated.
To address this issue, the highly deuterated core lipid obtained above was subjected to degradation with aqueous hydroiodic acid to phytanyl iodide, which was subsequently converted into deuterated phytanyl acetate in a standard manner (Scheme 2). 19 The 1H NMR spectrum of authentic phytanyl acetate20 (Figure 4) clearly showed the C-1 signal at 4.10 ppm as a multiplet, but the geminal protons of the C-2 methylene group were well separated at 1.43 ppm and 1.66 ppm by the effect of the nearby stereogenic center at C-3. The spin coupling network of the C-1, 2, and 3 region correlated well with each other by the 1H-1H COSY technique. Unfortunately, the C-3 methine signal overlapped with another signal, the C-15 methine proton at 1.52 ppm. Most crucial in this study was the unequivocal stereospecific assignment of the C-2 methylene signal since the stereochemistry at C-3 was assigned to be R in the literature.17 Phytol was treated with deuterium gas (2H2) in CH3O2H in the presence of Pt02 under standard hydrogenation conditions to afford a mixture of diastereoisomeric phytanols deuterated at the C-2 and C-3 positions, and the phytanol mixture was subsequently acetylated (Scheme 3). While the product was a mixture, the crucial 1H NMR signals were affected only by the nearest stereogenic center, so it was suitable for the assignment of each methylene signal at C-2, since hydrogenation generally proceeds by syn-addition. As shown in the 1H NMR spectrum of the chemically dideuterated phytanyl acetate ( Figure 4B ), no signal was observed at 1.66 ppm, and a broad signal was observed at 1.39 ppm. The latter apparently shifted from 1.43 ppm by the isotope shift caused by the introduction of deuterium into the geminal position. Similarly, the 2H NMR spectrum of the chemically deuterated phytanyl acetate clearly showed two peaks at 1.51 and 1.64 ppm (data not shown). Therefore, it appears that the signal at 1.66 ppm was ascribable to the pro-R hydrogen at C-2 in the natural diastereoisomer and the signal at 1.43 ppm to pro-S.
In the 1H NMR spectrum of the multiply-deuterated phytanyl acetate ( Figure 4A ) prepared from the above-mentioned deuterated lipid by supplementation culture with MVL-d9, a broad doublet (J=7 Hz) signal was observed at 1.61 ppm, which was of course shifted from 1.66 ppm by the isotope effect of the geminal deuterium. The shifted C-3 proton was also observed at 1.49 ppm as a broad doublet (J=7 Hz). No proton signal was observed at 1.39 ppm.
It now appears that the pro-S position of C-2 was deuterated and the pro-R position was protonated. Since the stereochemistry at C-3 is R-configuration in the natural phytanol structure, the hydrogenation or saturase reaction upon C-2 and C-3 of the geranylgeranyl group occurred in syn-(or cis-) fashion. The stereochemical course of the saturation reaction for the remaining double bonds was analyzed similarly. The saturation reaction at C-6,7 and C-10,11 of the geranylgeranyl groups also proceeds in a syn-(or cis-) fashion as in the case of the C-2,3 position as illustrated in Figure 5 . Unfortunately, this present study cannot prove the saturation reaction at C-14,15. It is reasonable to assume the involvement of the same reaction to the double bond. 
The Reaction Mechanism of a Novel Streptomyces Diterpene Cyclase21
In the biosynthesis of an antibiotic terpentecin(13),22 two genes encoding terpene cyclase-like proteins were recently identified from Streptomyces griseolosporeus and the genes were heterologously expressed in Streptomyces lividans. A transformant produced a novel cyclic diterpenoid, transcleroda-3,13(16),14-triene, named terpentetriene 14, which appears to be a precursor of 13 and was obviously derived from GGPP ( Figure 6 ).23 Apparently, one of the two foreign genes was responsible for the production of this particular isoprenoid cyclase in this heterologous expression system, making this the first eubacterial diterpene cyclase identified. These advances prompted us to study the precise mechanism of the cyclase reaction to gain insight into the dynamics of the molecular transformation in the enzyme active site and to compare the enzymology with those of other organisms. Since this heterologously expressed cyclase can function independently of the enzymes of the S. lividans host, we exploited this transformant to study the fate of substrate hydrocarbons in in vivo whole cell expression systems. In this section, the precise mechanism of a novel eubacterial diterpene cyclase reaction employing the above-mentioned hyperdeuteration technique and engineered S. lividans was described.
Terpentecin (13) Terpentetriene ( lividans was cultured as already described23 with supplementation with racemic MVL-d9. After growing for 7 days at 30 t, the culture (1 L) was centrifuged and the precipitated mycelial cake was extracted with acetone. The isoprenoid product was then purified according to the literature23 to afford ca. 2 mg of 14. First, mass spectrometric analysis of 14 was undertaken. If the mevalonate pathway genes were predominantly involved in the biosynthesis of the isoprene unit, the supplemented MVL-d9 would be highly incorporated and eight deuterium atoms of the supplemented MVL-d9 should remain in each isoprene unit of terpentetriene 14. On the other hand, if the native MEP pathway genes were responsible, deuterium incorporation would be poor. The resulting mass spectrum of the labeled 14 is shown in Figure 7 . While the molecular ion of the non-labeled 14 was observed at m/z 272 in its EI-MS spectrum (Figure 7A ), the spectrum of the deuterated 14 showed signal clusters at a much higher molecular ion region than mlz 272. The same was true for the fragment ions as well. Since four isoprene units should be incorporated into 14, one would expect that the most highly deuterated isotopomer would have an atomic mass 31 units higher than that of the parent ion of the corresponding non-labeled 14, taking into account the involvement of dehydration or dephosphorylation reaction. This was indeed the case; the most isotopically abundant molecular ion was observed at mlz 303 ( Figure 7B ). Further, a series of molecular ions having up to 4 labeled isoprene units was observed together with the weak ions of the non-labeled 14. From this spectrum, the average enrichment of each isoprene unit in a hydrocarbon molecule 14 was estimated to be as high as about 80%. These results clearly suggested that under these conditions, the foreign mevalonate pathway was predominantly operative in the biosynthesis of the isoprene units compared to the nonmevalonate pathway. Conversely, 20% of each isoprene unit was not deuterated. This is important because most of the product molecules appear to be transparent to 1H-NMR spectroscopy, yet all the observable 1H NMR signals must be influenced by the deuterium isotope effect both in spin-spin coupling and in chemical shifts. It should be pointed out further that the location of non-labeled units was random in each molecule of 14, and the biosynthetically deuterated 14 is expected to be a mixture of heterogeneous "mosaic" isotopomers.
Since the average deuterium enrichment at each isoprene (A) (B) Figure 6 . Structures of terpentecin (13) and terpentetriene (14). unit was as high as 80%, the observed 1H NMR signals of the biosynthesized 14 should be derived from the isoprene units produced by de novo synthesis and from the protons incorporated from an aqueous medium during the biosynthesis. The 2H decoupled 1H NMR spectrum of biosynthesized 14 is shown in Figure 8 . The C-18 methyl signal was observed as a cluster of three singlets at 5 1.552 (CHD2), 1.568 (CH2D) and 1.585 (CH3), and a signal having long-range coupling at 6 1.588 (CH3) ( Figure 8E ). Apparently, the three singlets can be attributed to a methyl group involved in the hydrogen-exchange equilibrium reaction between the deuterated IPP and DMAPP catalyzed by isopentenyl diphosphate isomerase.24 Therefore, the C-18 methyl group of 2 must be derived from the 16-position of GGPP, but not from the 17-position, based on the well-documented GGPP biosynthesis.25 The long-range coupled signal (3 1.588) appears to be derived from a non-labeled isoprene unit.
Further, the singlet methyl signals of C-19 and 20 of the labeled 14 were shifted upfield by ca. 0.05 ppm ( Figure 8E ). These shifts were apparently caused by deuterium isotope effects, which clearly confirms the involvement of a 1,2-migration of the C-19 and C-20 methyl groups from a non-labeled isoprene unit to a deuterated isoprene unit within the same GGPP molecule. Without the heterogeneously labeled mosaic molecules of 14, these methyl shifts would not have been clearly defined. Since it would be difficult for conventional 2H-tracer methodology to detect these groupmigrations, this appears to be a significant advantage of this approach. These results clearly indicate that the cyclization proceeded through the chair-boat conformation.
Clear evidence of the final deprotonation was obtained by inspecting the C-3 hydrogen of 14. The fact that the 1H NMR spectrum showed no significant increase at the C-3 hydrogen indicated that the initially incorporated proton
(derived from the medium) was lost during the cyclase reaction ( Figure 8B ). If this proton was retained, an extremely strong signal should have been observed. This was in turn verified by the 2H NMR spectrum, as shown in Figure 8C , in which a broad signal was observed at 5.18 ppm in the olefinic region. Apparently, the initial triggering proton was lost and the hydrogen or deuterium at the 14-position of GGPP was retained throughout the cyclization.
As despicted in Figure 9 , the results described above demonstrate that: 1) the cyclization proceeded through the chair-boat conformation: and 2) the initial triggering proton was lost at the end of the cyclization reaction. The third issue established was the elimination mechanism of the initial triggering proton. A simple explanation is that the penultimate C-4 cation is a relatively stable intermediate with a significant lifetime and the major conformational change in the A-ring at this stage leads to an axial orientation of the initial triggering proton from its original equatorial position. Accordingly, stereospecific deprotonation may be possible on the basis of the stereoelectronic effect. In conclusion, GGPP cyclizes through a chair-boat conformation, followed by a series of methyl and hydride shifts to form an intermediary C-4 cation. The cyclase reaction terminated by stereospecific deprotonation to form an allylic diphosphate intermediate. Conversion to give. the final terpentetriene 14 is effected by the other cyclase-like enzyme, which catalyzes the elimination of diphosphate.26 In summary, the precise mechanism of the diterpene cyclase reaction in the biosynthesis of Streptomyces antibiotic terpentecin was investigated by pathway switching, labeling with MVL-d9, and 1H NMR spectroscopy.
Preparation of Highly Deuterated Carotenoids24'27
Carotenoids are the most common, naturally occurring terpenoid pigments, and are widely distributed in nature, where they fulfill essential biological functions. These pigments have many different biological functions, such as species-specific coloration, photo protection, and light harvest, and they serve as precursors for phytohormones. All carotenoids are biosynthesized according to the well-known isoprenoid pathway.28 The MEP pathway is known to function for growth in Escherichia coli. Recently, several groups described the construction of doubly-engineered E. coli with the disruption of a gene of a certain enzyme involved in the MEP pathway and the introduction of the genes responsible for the key enzymes in the mevalonate pathway.29 E. coli DK223/ pTMV20 was constructed in this manner,27 that is, the 1-deoxy-D-xylulose 5-phosphate reductoisomerase (dxr) gene was disrupted3° and a plasmid pTMV2029b carrying the genes of three enzymes responsible for the formation of IPP was introduced. Moreover, the third genetic manipulation was envisioned by introducing another plasmid harboring, for example, a series of the genes involved in the carotenoid biosynthesis,31 by which carotenoids were thus expected to be produced only from the supplemented mevalonate. When fully deuterated MVL-d9 is Thus, once a proton is incorporated into the freely rotating C-4 methyl group of DMAPP, the reverse reaction from DMAPP to IPP should afford (E)-and (Z)-protonated IPP equally as shown in Figure 12 .
(A)
Further, 1H NMR spectra were then taken under the deuterium decoupled conditions to look at the carotenoid formation ( Figure 13 ). First, no proton incorporation was observed at H-10 and H-14 of zeaxanthin, again confirming that no endogenous non-labeled IPP was formed. This Figure  14E . As can be seen in Figure  14E , the 
